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a b s t r a c t
The results of apyrolysis-gas chromatography/mass spectrometry (py-GC/MS) studyof several poly(ether
urethane), poly(urea), and poly(ether urethane-urea) materials are reported. Mechanisms for the for-
mation of pyrolytic degradation products are proposed. These can be used to differentiate between
poly(ether urethane)s, poly(urea)s, and poly(ether urethane-urea)s, as well as between different
poly(ether urethane)s, different poly(urea)s or different poly(ether urethane-urea)s. In conjunction with
Fourier transform infrared (FT-IR) spectroscopyand thermal analysis techniques suchasdifferential scan-
ning calorimetry (DSC) and thermogravimetric analysis, py-GC/MS provides information that allows the
characterization and identiﬁcation of these polymers.
Crown Copyright © 2015 Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Poly(ether urethane)s, poly(ether urea)s and mixed poly(ether
urethane-urea)s are used in wide range of applications because of
their durability, abrasion resistance, and resistance tooil and chem-
icals. Typical applications include their use as elastomers, coatings,
sealants, adhesives, and foams. These polymers can be either ther-
moplastics or thermosets.
Poly(etherurethane)s andpoly(etherurea)s arephase separated
AB block copolymers consisting of urethane or urea rich hard seg-
ments and poly(ether) rich soft segments. Hydrogen bonding in the
hard segments results in virtual or reversible cross-links in these
polymers. The relative proportions of the hard and soft segments,
thedegreeofphase separation (ormixing) and the levelofhydrogen
bonding in these polymers depend on the nature and relative con-
centrations of the isocyanates, chain extenders, and polyols used in
their preparation.
Poly(ether urethane)s and poly(ether urea)s differ in the
nature of the chain extenders and polyols used in their prepara-
tion. Poly(ether urethane)s, are made using diol chain extenders
and hydroxyl terminated polyols while poly(ether urea)s are
made using diamines and amino terminated polyols. Poly(ether
urethane-urea)s have both urethane and urea linkages and there-
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fore a mixture of hydroxyl and amino terminated chain extenders
and polyols are used in their synthesis.
As there is a correlation between the structures and properties
of these materials, techniques that allow their characterization are
important inmaterial identiﬁcation to ensure, for instance, that the
correctmaterial is used in aparticular applicationor as aﬁrst step in
determining why the material might have failed in-service. One of
these techniques is pyrolysis gas chromatography/mass spectrom-
etry (py-GC/MS).
Three reaction mechanisms have been proposed to account for
the products arising from the thermal or pyrolytic degradation of
theurethaneportionof apoly(urethane) [1–3]. Theﬁrst is thedisso-
ciationof theurethane linkage to forman isocyanate andanalcohol,
the second is the formation of a primary amine, an oleﬁn and car-
bon dioxide (CO2) via a six-membered transition state and the third
is the loss of CO2 to produce a secondary amine. The mechanisms
are shown in Fig. 1.
No evidence of the third mechanism (formation of a secondary
amine) was observed in a study of the thermolysis mechanisms
of polymethylene polyphenyl isocyanate (PAPI)/propoxylated
trimethylol propane (TMP) based model urethanes [4], This con-
ﬁrmed earlier results found for ﬂexible polyurethane foams [5] In a
py-GC/MS study of poly(ester urethane)s [6], it was noted that the
ﬁrst mechanism (disassociation of the urethane linkage) predomi-
nated.
The pyrolytic degradation of the polyols and oleﬁns resulting
from the dissociation and concerted degradation of the PAPI-
TMP based model compounds were also studied [4,7]. Polyols
http://dx.doi.org/10.1016/j.jaap.2015.01.013
0165-2370/Crown Copyright © 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/3.0/).
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Fig. 1. Thermal degradation mechanisms of poly(urethane)s.
lost water to form either allyl or methyl substituted vinyl ethers.
These were the same compounds that arose via the concerted six
member transition state. The degradation products of the allyl
and methyl vinyl ether terminated polyols were different. The
allyl ether degraded to form propene and a keto ether, while the
methyl vinyl ether degraded to form propanal and either an allyl
ether or a methyl vinyl ether. Using a deuterium labelled TMP
in the PAPI-TMP models compounds, no keto ethers were found
in the pyrolytic degradation products. Additionally, the levels of
deuteration of some pyrolysis products could not be accounted
for using only concerted reactions. Free radical reactions were
postulated as an explanation for level of deuteration in those prod-
ucts.
The thermal degradation of the poly(ether) portions of these
polymers has also been investigated. Lattimer has studied
the thermal degradation of both poly(tetrahydrofuran) [8] and
poly(ethylene glycol) [9]. A radical mechanism involving the cleav-
age of both C O and C C bonds was proposed to explain the
pyrolysis degradation products.
In this paper, the results of a py-GC/MS study of sev-
eral poly(ether urethane)s, two poly(ether urea)s and a mixed
poly(urethane urea) are reported. Major pyrolytic degradation
products are used to identify the compounds, diisocyantes, diols,
poly(ether glycol)s, andpoly(ether amine)s, used in thepreparation
of these polymers.
2. Materials and methods
2.1. Materials
The thermoplasticpoly(etherurethane)elastomers;Texin990A,
Texin 950D, and Texin 970D (Bayer Polymers, Etobicoke, Ontario,
Fig. 2. Pyrograms of the Texin 990A, Texin 950D and Texin 970D samples.
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Fig. 3. Pyrograms of Texin 970D and Terathane 1400.
Canada), Elastollan1195AandElastollan1164D (BASFCorporation-
Polymers, Wyandotte, Michigan, USA), and Estane 58300 (Lubrizol
Advanced Materials, Wickliffe, Ohio, USA), were supplied by the
manufacturers. Fourier transform infrared [10] and 13C nuclear
magnetic resonance [11] characterization of these elastomers
indicated that they were 1-isocyanato-4-[(4-isocyanatophenyl)
methyl] benzene or methylene diphenyldiisocyanate (MDI)/1,4-
butanediol/poly(tetramethylene ether) glycol based poly(ether
urethane)s.
The preparation of the hexamethylene diisocyanate (HDI) based
poly(ether urethane) thermoplastic elastomer is described in ref-
erence [12]. It was synthesized from two parts HDI, one part
diethylene glycol and one part poly(ethylene glycol) in dimethyl-
formamide.
The Dragonshield and Line-X elastomers were supplied by
the manufacturers. Product literature indicated that Dragon-
shield BCTM (Specialty Polymers Inc., Lakewood,Washington, USA)
and Line-X® XS-350 are poly(urea)s, while Line-X® XS-100(Line-
Fig. 4. Thermal degradation pathways for poly(tetramethylene ether) glycol based portions of poly(ether urethane)s resulting from C O bond cleavage.
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Fig. 5. Thermal degradation pathways for poly(tetramethylene ether) glycol based portions of poly(ether urethane)s resulting from C C bond cleavage.
X, Huntsville, Alabama, USA) is a mixed poly(urethane/urea).
All three were reported to have been prepared using MDI
and/or MDI based prepolymers. Dragonshield was prepared using
poly(oxypropylene) diamine, while the Line-X products were pre-
pared with a polyol and diethyltoluenediamine. All three samples
were cross-linked elastomers.
Terathane 1400 (Invista) is a poly(tetramethylene ether) glygol
with a molecular weight of 1350–1450g/mol.
2.2. Methods
2.2.1. Pyrolysis gas chromatography/mass spectroscopy
All pyrolyses were carried out in a platinum coil pyroprobe
(Pyroprobe 5000, CDS, Oxford, PA). Approximately 0.1mg of the
sample was centered in a 25mm quartz tube and heated to a ﬁnal
temperature of 700 ◦C using a heating ramp of 20 ◦Cms−1. The hold
time at the ﬁnal temperaturewas 20 s. The pyrolysis productswere
Fig. 6. Pyrograms of the Estane 58300, Elastollan 1195A and Elastollan 1164D samples.
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Fig. 7. Pyrogram of a hexamethylene diisocyanate/diethylene glycol/poly(ethylene glycol) based thermoplastic poly(ether urethane).
separated on a 30m long×0.25mm inside diameter 5% phenyl
poly(dimethylsiloxane) capillary column (DB-5, J&WScientiﬁc, Fol-
som, California). The inlet was set to a split ﬂow of 50mLmin−1,
with a split ratio of 50:1. The ﬂow rate of the carrier gas (He) was
1mLmin−1. The heating program used for the gas chromatograph
(TSQQuantumGC, Thermo Scientiﬁc) consisted of holding the oven
temperature at 40 ◦C for 4min, then ramping the temperature to
300 ◦C at a rate of 10 ◦Cmin−1, and ﬁnally holding the temperature
at 300 ◦C for 10min. Each GC run took 40min to complete.
A Triple StageQuadrupole (TSQQuantumGC, Thermo Scientiﬁc)
MS/MS was used to detect the pyrolytic degradation products. The
MSwas used in the full scanmode. Each scan, from 20 atomicmass
units (amu) to 500amu, took approximately 0.5 s.
3. Results and discussion
3.1. Poly(ether urethanes)
The pyrograms of the Texin 990A, Texin 950D and Texin 970D
samples are shown in Fig. 2. The compounds released by the
pyrolysis of these three thermoplastic polyurethanes were similar
although their relative concentrations (responses) vary.Mass spec-
tral identiﬁcation of the compound giving rise to the broad peaks
at ∼9.7min in the pyrograms indicated that it was 1,4-butanediol,
while the compound at ∼23.4min was MDI. These compounds are
commonly used in the preparation of poly(ether urethane)s as a
chain extender and diisocyanate, respectively, and are released
Fig. 8. Thermal degradation pathways for poly(ethylene glycol) (PEG).
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Fig. 9. Pyrograms of the Line-X XS-100, Dragonshield and Line-X XS-350 elastomers.
Table 1
Degradation products arising from pyrolytic degradation of poly(tetramethylene
ether) glycol rich soft segment of the Texin thermoplastic elastomers.
Retention time (min) Compound
1.52 Butane
1.67 Propanal
2.02 Butanal
2.61 1-Butanol
4.70 1-Propoxybutane
5.21 Tetrahydro-2-furanol
6.83 4-Butoxy-1-butene
6.98 n-Butyl ether
11.96 4-Butoxy-1-butanol
14.74 1-Butoxy-4-(4-butoxybutoxy) butene
14.84 1-Butoxy-4-(4-butoxybutoxy) butane
from the thermal degradation of the urethane rich hard segment
portion of these polymers (reaction mechanism 1 in Fig. 1).
These polymers also produced a number of degradation prod-
ucts consistent with the degradation of the poly(ether) rich soft
segmentportionofpoly(etherurethane)s. Pyrogramsof Texin970D
andTerathane 1400, a commercially available poly(tetramethylene
ether) glycol, are shown inFig. 3. Comparisonof thepyrograms indi-
cates that with the exception of the 1,4-butanediol and MDI peaks,
the Terathane 1400 and Texin 970D pyrolysis products are similar
and conﬁrms that a poly(tetramethylene ether) glycol was used in
the preparation of these polymers. Some of the degradation prod-
ucts arising from the poly(tetramethylene ether) glycol portion of
these polymers are identiﬁed in Table 1.
The thermal degradation of poly(tetramethylene ether) glycols
has been studied [8]. The observed degradation products were
explained using radical mechanisms involving either C O bond
or C C bond cleavage. Pathways to the formation of degradation
products arising from either C O or C C bond cleavage are shown
in Figs. 4 and 5.
The pyrogram of Texin 970D has a large peak at 27.83min that
is not present in the pyrograms of Texin 990A or Texin 950D. Anal-
ysis of the mass spectrum of the compound giving rise to this peak
indicated that it was 2-(2′-hydroxy-3′,5′-ditert-butylphenyl) ben-
zotriazole, an ultraviolet light absorber.
The pyrograms of the Estane 58300, Elastollan 1195A and
Elastollan 1164D samples are shown in Fig. 4. The pyrolytic degra-
dation products of these thermoplastic polyurethaneswere similar
although the relative concentrations (responses) vary from one
polymer to the other. They were also similar to those arising from
the pyrolysis of the Texin samples. Mass spectral identiﬁcation of
the compound giving rise to the broad peaks at ∼9.7min in the
pyrograms indicated that it was 1,4-butanediol, while the com-
pound at ∼23.4min was MDI Fig. 6.
These polymers also produced a number of degradation prod-
ucts consistent with the degradation of the poly(ether) rich
soft segment portion of poly(ether urethane)s. Again, the nature
of these degradation products was similar to those arising
from the pyrolysis of the Texin samples and indicated that
poly(tetramethylene ether) glycol was used in the preparation of
these polymers.
The pyrograms also provide semi-quantitative informa-
tion on the relative percentages of the MDI, butanediol and
poly(tetramethylene ether) glycol used in the preparation of these
Texin, Elastollan and Estane thermoplastic poly(ether urethane).
The Shore Type A or Type D Durometer hardness of the polymers
are shown in Table 2. Comparing the height of the 1,4-butanediol
peak at ∼9.7min, which arises from the pyrolytic degradation of
urethane rich hard segment portion of the polymer, to the height
of the peak at ∼17.4min, which arises from the thermal degrada-
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Fig. 10. Thermal degradation pathways of the poly(1,2-propanediol) s resulting from C O cleavage.
tion of the poly(ether) rich soft segment potion of the polymer, it
can be seen that the ratio increases as the hardness of the poly-
mer increases. The Elastollan and Estane samples exhibit the same
trend.
The pyrogram of a poly(ether urethane) prepared using hex-
amethylene diisocyanate (HDI), diethylene glycol (DEG) and
poly(ethylene glycol) (PEG) is shown in Fig. 7. Mass spectra of the
peaks at approximately 10.0min and 16.56min indicated that they
were diethylene glycol and hexamethylene diisocyanate, respec-
tively. These compounds arise from the degradation of urethane
rich hard segment portion of the polymer via reaction mechanism
1 in Fig. 1. The majority of the other compounds arise from the
Fig. 11. Thermal degradation pathways of the poly(1,2-propanediol) s resulting from C C.
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Fig. 12. Thermal degradation pathways of the poly(1,2-propanediol)-based portions of the Dragonshield, Line-X XS-100 and Line-X XS-350 elastomers leading to the
formation of products at 1.68min, 2.73min, 5.07min, 5.69min, and 9.27min. cleavage.
Table 2
Shore durometer (either Type A or Type D) hardness of the poly(ether urethanes).
Poly(ether urethane) Shore hardness
Texin 990A 90A
Texin 950D 50D
Texin 970D 70D
Elastollan 1195A 95A
Elastollan 1164D 64D
Estane 58300 80A
Table 3
Degradation products arising from pyrolytic degradation of poly(ethylene glycol)
rich soft segment portion of the HDI/DEG/PEG poly(ether urethane).
Retention time (min) Compound
1.93 2-Methyl-1,3-dioxolane
2.61 2-Ethoxyethanol
2.87 (2-Methoxyethoxy) ethene
4.61 1.2-Diethoxyethane
8.78 2-(2-Methoxyethoxy) ethanol
9.81 2,2′-Oxybis-ethanol
10.23 2-(2-Ethoxyethoxy) ethanol
11.79 1,1′-Oxybis(2-ethoxyethane)
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Fig. 13. Mass spectra of the compounds giving rise to the peaks at top: 19.3min and at bottom: 18.9min.
degradation of the poly(ethylene glycol) rich soft segment portion
of the polymer.
Pathways for the formation of thermal degradation products
of PEG are shown in Fig. 8 [9]. These results from either C O or
C C bond cleavage. Some of the lower molecular weight prod-
ucts resulting from PEG rich portion of the polymer are listed in
Table3andare consistentwith thedegradationmechanismsshown
in Fig. 8.
4. Poly(urea)s and mixed poly(urethane urea)
Pyrograms of the Line-X XS-100, Dragonshield and Line-X
XS-350 elastomers are shown in Fig. 9. The pyrograms of the
three elastomers have many similarities. For instance, all three
elastomers release degradation products with retention times of
approximately 1.48min, 1.68min, 2.74min, 5.07min, 5.60min,
9.27min, 18.90min, 19.28min, and 19.77min. However, there are
also differences in the pyrograms. The pyrogram of the Line-X XS-
100elastomerhasadegradationproduct at approximately9.80min
and a major degradation product at 23.90min that are not present
in the pyrograms of the other two elastomers, while Line-X XS-100
and Line-X XS-350 elastomers have a major degradation product
at 27.87min that is not found in the pyrogram of the Dragonshield
elastomer.
Table 4
Degradation products arising from pyrolytic degradation of the poly(1,2-
propanediol) rich portions of the Dragonshield, Line-X XS-100 and Line-X XS-350
elastomers.
Retention time (min) Compound
1.68 Propanal
2.73 2-Propoxyprop-1-ene
5.07 2-Propoxypropanal
5.61 1-Isopropoxypropan-2-one
9.27 2-(2-Propoxypropoxy) prop-1-ene
The compounds giving rise to the peaks at 1.68min, 2.74min,
5.07min, 5.60min, 9.27min are shown in Table 4. These com-
pounds are consistent with the thermal degradation of the
poly(1,2-propanediol) based polyether portion of the elastomers.
General degradation pathways for a poly(1,2-propanediol) based
polyether are shown in Figs. 10 and 11 for cleavage of C O and
C C bonds, respectively. C O cleavage can lead to the forma-
tion of compounds with hydroxyl, propyl, propenyl, isopropyl, and
isopropenyl end groups, propanal and propanone, and propanals
and propanones with hydroxyl, propyl, propenyl, isopropyl and
isopropenyl end groups. Cleavage of C C bonds results in the for-
mation of degradation products with terminal methyl and ethyl
ether groups. Pathways for the formation of the compounds in
Table 4 are shown in Fig. 12.
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Fig. 14. Pathways for the formation of 1,4-diethyl-3,5-diisocyanato-2-methylbenzene and 2,5-diethyl-3-isocyanato-6-methylaniline from pyrolytic degradation of the
Dragonshield, Line-X XS-100 and Line-X XS-350 elastomers.
The mass spectrum of the compound giving rise to the peaks
in the pyrograms at ∼18.9min is shown in Fig. 13. The compound
has a molecular ion at m/e 230 and prominent ions with m/e 215,
m/e 201, and m/e187. Analysis of the mass spectra indicates that it
is characteristic of 1,4-diethyl-3,5-diisocyanato-2-methylbenzene.
The pathway for the formation of this compound during the pyrol-
ysis of the three elastomers is shown in Fig. 14. The elastomers also
have a less intense peak at ∼19.3min. The mass spectrum of this
compound is shown in Fig. 13. The mass spectrum is characteristic
of 2,5-diethyl-3-isocyanato-6-methylaniline. The pathway for the
formation of this compound during the pyrolysis of the three elas-
tomers is shown in Fig. 14. These two degradation products in the
pyrograms of the three elastomers arise from the diethyltoluene-
diamine used as a chain extender in their preparation.
Mass spectral analysis of the compound at 9.90min in the pyro-
gram of the Line-X XS-100 sample indicated it was diethylene
glycol. Diethylene glycol is listed as one of the starting materials
used in the synthesis of Line-XXS-100. It is used as a chain extender
in poly(urethane) formulations.
Product literature for these three elastomers indicates that
MDI and/or MDI-based prepolymers are used in their for-
mulation. One of the degradation products arising from the
pyrolysis of many MDI-based thermoplastic and thermoset
polyurethanes is MDI [10]. However, no MDI was detected
in the pyrolytic degradation products of the three elastomers
studied in this report. The pyrogram of the Line-X XS-100
sample did have a peak at 23.90min that was identiﬁed as
4,4′-diaminodiphenylmethane. The 4,4′-diaminodiphenylmethane
arises from the thermal degradation of the portion of the elas-
tomer that incorporated 4,4′-diisocyanatodiphenylmethane (MDI).
A pathway for the formation of 4,4′-diaminodiphenylmethane is
shown in Fig. 15.
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Fig. 15. Pathway for the production of 4,4′-diaminodiphenylmethane during the
pyrolytic degradation of the Line-X XS-100 sample.
5. Conclusions
Py-GC/MS has been used to identify the diisocyanates, diols
and poly(ether glycol) s used in the preparation of MDI/1,4-
butanediol/poly(tetramethylene ether) glycol and HDI/diethylene
glycol/poly(ethylene glycol) thermoplastic poly(ether urethane)s.
For series of poly(ether urethane)s with varying ratios of diols and
poly(ether glycol)s to the diisocyanate, the relative response of the
diol to a peak arising from the poly(ether glycol) correlates with
the hardness of the polymer. That is, as the ratio of the response
of the diol to the poly(ether glycol) degradation product increases,
the hardness of the polymer increases. This is directly related to
the proportion of hard and soft segments of these phase separated
block copolymers.
The amine terminated polyols used in the poly(urethane urea)
and the two poly(urea) formulations could be identiﬁed by py-
GC/MS. Although the three elastomers studied all contained MDI
or MDI based prepolymers, none of them released MDI follow-
ing pyrolytic degradation. One the poly(urethane urea), released
4,4′-diaminodiphenylmethane, which arises from the degradation
of the portion of the polymer where MDI had been incorporated.
This is in contrast to MDI based poly(urethane)s where MDI is an
identiﬁable degradation product. However, the three elastomers
did release a diisocyanate. This arose from the degradation of the
portion of the elastomer where a diamine, diethyltoluenediamine,
was incorporated.
Py-GC/MS can be used to differentiate various poly(ether
urethane)s, poly(urea)s and poly(urethane urea)s and provide
information on thematerials used in their preparation. In conjunc-
tion with properties, this information is important in the selection
of materials for particular applications or in determining why a
material failed in an application.
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